Retinal ganglion cell (RGC) loss is the hallmark of optic neuropathies, including glaucoma, where damage to RGC axons occurs at the level of the optic nerve head. In experimental glaucoma, damage is assessed at the axon level (in the retinal nerve fibre layer and optic nerve head) or at the soma level (in the retina). In clinical glaucoma where measurements are generally limited to non-invasive techniques, structural measurements of the retinal nerve fibre layer and optic nerve head, or functional measurements with perimetry provide surrogate estimates of RGC integrity. These surrogate measurements, while clinically useful, are several levels removed from estimating actual RGC loss. Advances in imaging, labelling techniques, and transgenic medicine are making enormous strides in experimental glaucoma, providing knowledge on the pathophysiology of glaucoma, its progression and testing new therapeutic avenues. Advances are also being made in functional imaging of RGCs. Future efforts will now be directed towards translating these advances to clinical care.
Parameters of retinal ganglion cell (RGC) damage are the cornerstone in the management of optic neuropathies such as glaucoma, and also increasingly in other diseases such as multiple sclerosis. 1,2 There are several methods available to assess RGC damage in clinical practice, including perimetry ( Figure 1 ) and optical coherence tomography (OCT, Figure 2 ). Although these methods have significant value and are used in clinical decision-making, they remain surrogate measures that are several levels removed from the quantification of the number of remaining or lost RGCs.
Perimetry
Standard automated perimetry measures achromatic differential light sensitivity with the purpose of quantifying visual function and RGC loss. A correlation between perimetric sensitivity and histological RGC counts has been demonstrated in experimental glaucoma in nonhuman primates, 3,4 and in human glaucoma patients. [5] [6] [7] However, the sensitivity values depend on subjective visual detection of the stimuli, and therefore are influenced by several factors besides RGCs such as pre-retinal media irregularities, integrity of the visual pathway, higher visual processing, reaction time and attention.
Optical coherence tomography (OCT)
OCT provides objective measurements of anatomical structures related to RGCs. The most commonly used parameter is the peripapillary retinal nerve fibre layer (RNFL) thickness. The RNFL is made up mostly of RGC axons and its thickness as measured with OCT has a strong correlation with optic nerve axon count in experimental glaucoma in non-human primates. 8, 9 Besides RGC axons, the RNFL also contains a significant and variable contribution of glial and vascular components. For example, the glial component in the RNFL of a normal monkey eye was estimated to vary from 18 to 42%, depending on retinal location. 10 Large blood vessels contribute to around 14% of the RNFL. 11 This proportion increases to an average exceeding 20% when the RNFL is thin 11 and is much larger in superior and inferior locations (compared with nasal or temporal ones) due to the major vessel trunks. 12 Because of these non-axonal contributions, the correspondence between RNFL thickness and the number of axons varies between retinal locations, stage of disease, and among individuals, reducing the accuracy of RNFL thickness as a parameter of RGC damage.
Another parameter commonly used as a surrogate of remaining RGCs is the neuroretinal rim (NRR), which is the continuation of the RNFL at the optic nerve head, containing all RGC axons before they leave the eye. Similar to RNFL thickness, width, area, or volume measurements of the NRR are influenced by its nonaxonal components, including glia and blood vessels. Cases of documented complete loss of RGC axons can provide an estimate of the magnitude of the non-axonal components in the NRR. Drance and King 13 reported 4 patients with complete loss of RGCs due to trauma or tumor compression of the optic nerve, who had their NRR area measured with fundus photography. The average reduction of NRR was~35% of the initial values, suggesting that 65% of the NRR may not be composed of axons.
Additionally, NRR measurements are influenced by remodelling and biomechanical changes in the connective tissues of the optic nerve head. For example, as neural tissue is lost in the optic nerve head, remodelling changes of the connective tissues and gliosis can lead to a higher non-neural component of the NRR. Intraocular pressure changes can also impact the axial position of the lamina cribrosa and scleral canal opening area. 14 Intraocular pressure reduction can lead to anterior movement of the lamina, causing anterior displacement of neuroretinal tissue, increasing the NRR parameters. 15, 16 Similarly, intraocular pressure elevation can have the opposite effects. 17, 18 The impact of connective tissue remodelling and biomechanical changes give rise to a weaker correlation between NRR and axonal counts compared to RNFL thickness. 8 OCT also permits measurement of RGC layer thickness, 19 specifically at the macula where over 40% of RGCs are located. 20 Logically, it is assumed that ganglion cell layer thickness has the highest correlation with actual RGC number. However, limitations in current OCT technology do not always permit differentiation of the ganglion cell layer from the adjacent ones, namely the RNFL and inner plexiform layer, and therefore are often measured together, 21, 22 increasing the non-RGC components of these measurements. Additionally, the ganglion cell layer also contains a significant number of displaced amacrine cells, varying from~3% in central retina to 80% in the periphery. 20, 23 
Impact of inter-individual variations in clinical measurements
All parameters currently used in clinical practice are indirect measurements of RGC counts, with significant interference of non-RGC factors, reducing their accuracy to assess RGC damage. Cross-sectional studies may suggest strong correlation of these parameters with RGC count, but this may be related to the wide range of damage typically included in these studies, from normal to advanced glaucoma. When detecting smaller amounts of RGC damage, such as diagnosing early disease or detecting disease progression over few years, the noise included in these parameters from non-RGC factors may overcome the real signal of RGC damage. Furthermore, the estimated inter-subject variation in normal RGC counts is impressively high, 20 making any estimates of actual RGCs highly tenuous. The low signal-to-noise ratio in current parameters is evidenced by the frequent scenario of patients showing changes in some parameters but not others, for example, a normal visual field examination with abnormal OCT, or vice-versa.
If all clinical parameters were reliable indicators of RGC damage, their outputs would be in high agreement, unlike what is observed in most clinical studies. 24, 25 More direct and accurate parameters of RGC damage would provide better information for clinicians and likely improve patient care.
Tracking retinal ganglion cells in vivo
Longitudinal imaging of RGCs would be a most appropriate method to monitor the progression of glaucoma, yet to date, the ability to directly image RGCs is possible only in laboratory animals. For more than a decade, in vivo longitudinal imaging has been reliably performed in experimental rodent models of optic nerve damage causing RGC loss. Commonly used methods include fluorescence imaging of retrogradely labelled RGCs, 26, 27 structural imaging of the optic nerve head [28] [29] [30] [31] or axons, 32 and imaging of RGC apoptosis. 33 Of particular interest is the ability to image living RGC somas expressing fluorescent proteins. This can be accomplished with the use of transgenic animals or administering an exogenous label in a minimally invasive manner. Regardless of the method, it is important that (1) the RGCs remain labelled for longitudinal imaging and (2) RGC labelling decreases with the damage or death of the cell, for reliable measurements. The ability to introduce markers into living tissue for the monitoring of cellular health in specific cells is important when studying disease detection and progression.
Retrograde tracer labelling
The best-established method of RGC labelling in experimental animals, specifically rodents, is the administration of a tracer, commonly Fluorogold, to the optic nerve or region of the brain that RGCs project. Optic nerve labelling is assumed to label the entire RGC population and can be completed via the intact optic nerve or by stump labelling after the optic nerve is transected. 34, 35 In rodents, the vast majority of RGCs project to the superior colliculus and therefore is logically used as the location for administering the tracer. This method has been reported to label more than 96% of RGCs. 36, 37 Cholera toxin subunit B (CTB) conjugated to a fluorophore has also been used as a retrograde tracer applied to the superior colliculus of rodents to reliably and specifically label RGCs. 38, 39 Major limitations of retrograde tracers are that they do not persist in RGCs for extended periods of time. Furthermore, the tracer is taken up by microglia and macrophages when RGCs die after inducing injury, reducing the specificity of the label to RGCs.
Tracer labelling via intravitreal delivery
Recently, there has been interest in introducing markers via intravitreal or subretinal injection to fluorescently label RGCs. These methods do not require the use of transgenic mice and can be used in a variety of species. Cholera toxin subunit B has also been used as an anterograde tracer to label RGC axons by administering it via intravitreal injection. 40 This method has demonstrated widespread and sustained labelling in the ganglion cell layer, which can be used to measure cell density. However, it has been shown that, in mice, CTB labels approximately as many amacrine cells as RGCs. Despite the poor specificity, it is expected that RGCs previously labelled by an intravitreal injection of CTB would exhibit a loss of fluorescence when damage is induced.
Transgenic animals
A variety of transgenic mouse strains have been developed to express fluorescence in RGCs and are especially useful for longitudinal imaging. These fluorescence signals are easily detectable by non-invasive in vivo imaging of the retina. 41, 42 Two of the most commonly used transgenic strains for studying RGCs in vivo express cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP) under the control of the modified Thy1 gene promoter. 43 This method of labelling RGCs is advantageous in that it is non-invasive and unlike retrograde labelling, does not potentially cause damage to the RGCs and surrounding tissue.
In Thy1-CFP mice, a high proportion of RGCs are labelled across the entire retina 41, 43, 44 to permit quantification of RGC density. These mice have been used for studies of acute injury to RGCs, including optic nerve transection (Figure 3) , 45 optic nerve crush, 46 N-methyl-Daspartate (NMDA) receptor induced excitotoxicity, 47 and retinal ischemia induced by increased intraocular pressure. 48, 49 In all of these studies, longitudinal imaging was performed in vivo and there was demonstration of quantifiable RGC loss as a result of the injury. However, there is evidence that Thy1-CFP does not exclusively label RGCs, but also amacrine cells. 44 Additionally, after RGC damage, a significant number of microglia become CFPpositive, confounding quantification of surviving RGCs. 50 Despite this limitation, the Thy1-CFP transgenic mouse is a useful tool of assessing an in vivo approximation of RGC density for a variety of injury models.
Thy1-YFP transgenic mice express fluorescence in o0.5% of RGCs, however, this low transfection rate reduces the amount of background fluorescence and permits visualization of the entire dendritic arbor. With this strain characterization of at least six different RGC types has been accomplished ex vivo 51 and in vivo. 52 The ability to monitor live cells and measure parameters such as soma size, dendritic length, dendritic arbor and dendritic complexity can provide detailed information on how RGCs respond to different types of injury. 52, 53 The Thy1-YFP transgenic mouse has provided evidence that dendritic changes can be an early indicator of RGC damage and these structural changes are detectable with in vivo imaging (Figure 4 ). Visualizing and measuring dendritic atrophy of RGCs can be useful for studying the effects of neuroprotective interventions in the early stages of damage. However, if it is desirable to study RGC damage in an animal that does not have a fluorescent reporter endogenously expressed in RGCs, alternate labelling methods must be utilized. 
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Adeno-associated viral (AAV) vector labelling
Adeno-associated viral vectors can also be used for labelling RGCs and studying RGC damage in vivo. AAV vectors are available in a variety of serotypes, which show preferential uptake to cell types, and have the ability to incorporate differing promoters, allowing for improved specificity to cells. These two factors make AAV vectors desirable for labelling an exclusive cell population, such as RGCs, in tissue with many cell types, like the retina. The utilization of AAV vectors for targeting RGCs to date has focused more on therapeutics than diagnostics. The greatest challenge when utilizing AAV vectors for in vivo labelling of RGCs is to overcome the inner limiting membrane, which acts as a physical barrier to achieving a high transduction rate. [54] [55] [56] Administering AAV vectors via intravitreal injection has been shown to be a useful method for longitudinal labelling and imaging ( Figure 5) . 57 This technique provides the ability to quantify an estimate of cell density in a living animal and monitor changes in cell labelling.
Functional imaging of RGCs
Genetically encoded calcium indicators, such as GCaMPs, are a useful tool for measuring intracellular calcium concentration of neurons 58 and have the potential to be used for studying RGC calcium transients after optic nerve transection. Recently, reported work in ex vivo tissue from Thy1-GCaMP3 shows that after optic nerve transection baseline GCaMP3 fluorescence was reduced and the number of GCaMP3-expressing cells decreased. 59 Proof-of-principle work by our group has shown that UV light exposure directed onto the retina results in changes of the fluorescence emission intensity of the GCaMP3 cells and can be detected with in vivo confocal scanning laser ophthalmoscopy (Figure 6 ). Alternatively, genetically encoded calcium indicators can be administered with viral vectors, eliminating the need for transgenic animals. 60 The ability to detect changes in intracellular calcium of RGCs allows for an in vivo functional measure of assessing RGC damage.
Currently, there is a large gap, both in the techniques and measures, between how we assess RGC damage in humans and in animals. Regardless of the technology or technique, it is important that RGC loss is measured reliably. Furthermore, it is important to develop techniques that are a true measure of RGC changes that can one day be used in the clinic. 
